In this research, a method has been presented for optimizing cure cycle of neat unsaturated polyester resin and polyester resin containing 3 wt% nanoclay Cloisite Õ 10 A (UP/10 A) and nanoclay Cloisite Õ 30B (UP/30B) in thin components. We refer to this optimization method as the directed grid search method. To model cure behaviour of unsaturated polyester resin, four different kinetic models were considered, including advanced iso-conversional method, Kamal method, Kamal method with Chern diffusion factor, and Kamal method with Sbirrazzuoli diffusion factor. The comparison of our proposed optimized cure cycles indicates that addition of nanoclay to the resin causes the cure cycle duration and also the maximum temperature during the cure to decrease. In addition, by adding nanoclay to the resin, the optimal cure cycle is transformed from a five-stage cure cycle to a four-stage one. Our investigations indicate that optimal cure cycles for the UP/10 A and UP/30B systems do not significantly differ. This is because the pre-exponential factor can influence the optimal cure cycle as much as the activation energy. Our results show that the optimal cure cycle obtained from the Kamal model is much shorter than the optimal cure cycle obtained from the advanced iso-conversional method, while the optimal cure cycle obtained from the Kamal model with Chern diffusion factor is very similar to the cure cycle resulting from the advanced iso-conversional method.
Introduction
Polymeric nanocomposites have attracted considerable interest recently. Nanoparticles cause special characteristics in various polymeric systems including unsaturated polyester (UP) resins. During this decade, numerous studies have been carried out on various characteristics of nanocomposites including their physical and chemical features, 1,2 gas barrier properties, 3, 4 flame retardancy, 5, 6 and shrinkage control. 7, 8 Fabrication of high-quality composites requires having enough understanding of the process of network formation in a resin and also having enough knowledge to control the factors influencing the development of this network. One of the factors involved in the formation of this network is the adjustment of the temperature during the curing process. The way the temperature is adjusted during a cure process as a function of time is called a cure cycle. A cure cycle should be optimized, after taking into account the characteristics and parameters of interest to any user.
The crosslinking process of the UP resin is a free radical chain growth copolymerization. 8 This process is a complex and a multistage procedure. In the initial stages, the process is affected by chemical kinetics.
Results of previous researches indicate that by the final stages of the curing process, the reaction rate declines instantaneously. This reduction in the reaction rate occurs as the diffusion phenomenon becomes predominant. 9 Thus, the diffusion phenomenon plays a pivotal role in the curing mechanism of resins, especially UP resins.
The investigation of the effect of nanoclay on the curing characteristics of UP resins is an attractive issue. It is believed that nanoclays act as an auxiliary promoter in the reaction between UP and styrene, and decrease the induction time. 10 Owing to the significance of UP systems containing nanoclay, investigation of the curing kinetics of these systems and the development of different methods for modelling their curing behaviour are of special importance. A little research has been conducted into the modelling of the curing kinetics of polyester resin-containing nanoparticles. 7, 8, 11, 12 In addition, study of effect of the diffusion phenomenon in the curing process of UP-resin containing nanoparticles is in its initial stages. 13 In this paper, in the 'Background' section, advanced iso-conversional method along with the Kamal method -the two common methods of analysis of curing kinetics -is introduced in brief. Furthermore, the Chern diffusion factor and Sbirrazzuoli diffusion factor which are a couple of methods to correct the reaction rate predicted by the Kamal model are studied. In the 'Thermal cure cycle optimization' section, a method that is able to produce optimized cure cycles by receiving the kinetic model of a cure reaction is presented. We call this optimization method the directed grid search (DGS) method. In the 'Results and discussion' section, optimized cure cycles for UP resin and UP-resin containing nanoparticles are produced using the DGS method, followed by an examination of the effect of nanoparticle addition on the optimized cure cycles. Production of optimized cure cycles is performed using DGS method and with reliance on the kinetic models studied in the 'Background' section. Furthermore, the effect of application of each of the four kinetic models on the optimized cure cycles produced is investigated in this section.
Background
There are two main approaches to the analysis of curing kinetics. The first approach is to use model-free methods and the second one is to employ model-fitting methods. Using model-free methods, it is possible to obtain activation energy, pre-exponential factor, and the reaction model as a function of degree of conversion and temperature with a high accuracy without any presumption.
14 Thereafter, the reaction rate can be predicted using these parameters. In model-fitting methods, various parameters of the model are obtained by use of fitting methods. The advanced iso-conversional method and the Kamal method are two common techniques for modelling the curing process of UP resin systems. 14, 15 Advanced iso-conversional method is a model-free method, while Kamal method is considered a model-fitting method.
In the advanced iso-conversional method, the activation energy is calculated in terms of degree of conversion (). Another kinetic parameter that should be calculated in this model is the pre-exponential factor. The preexponential factor is calculated as a function of (A ), using the compensation effect method. Following the calculation of the parameters, the overall model of the reaction is obtained as equation (1) . In this equation, ðd=dtÞ is calculated out of experimental data
The Kamal method is a mathematical model for describing the reaction rate in terms of curing degree and temperature (equation (2)
In equation (2), the parameter d dt represents the reaction rate, A 1 and A 2 denote the pre-exponential factors, E 1 and E 2 are the activation energies, represents the degree of conversion, and m and n show the reaction orders. In this method, parameters of the equation are calculated through fitting. In the preliminary stages of the reaction, the Kamal method has a good congruence with experimental data. In the primary stages of the reaction, reactionary molecules move freely and collide with each other. At this stage, chemical kinetics controls the curing process and determines the reaction rate. As the reaction proceeds and the resin network forms, the movement of the reactionary molecules becomes constrained. 9 Therefore, the reactionary molecules diffuse into the network, in which the diffusion phenomenon becomes predominant in the system. For this reason, the reaction rate is mainly influenced by the diffusion of the reactionary groups. 9 However, the effect of the diffusion phenomenon has not been taken into consideration in the Kamal method. For this reason, the above-mentioned model diverges significantly from experimental data in the final stages of the curing process. To modify the reaction rate predicted by the Kamal method and to consider the effect of diffusion on the reaction rate, the Chern and Sbirrazzuoli methods have been presented. 9, 16 Chern and Poehlein have presented a simple pseudoexperimental method based on free volume consideration for explaining the effects of diffusion in curing reactions. 9 In this method, when the curing degree reaches a critical curing degree ( c ), the diffusion phenomenon becomes predominant in the system and controls the curing process. Chern et al. have defined the diffusion factor f ðÞ as follows (equation (3))
In equation (3), C is an experimental constant dependent on the temperature, c is the critical curing degree, and is the degree of conversion. The overall reaction rate is obtained as follows by multiplying the diffusion factor by the rate predicted by the Kamal model (equation (4)
Sbirrazzuoli presented a new method for calculating kinetic parameters when considering the effect of diffusion. 16 This method gives kinetic parameters that have more physical meaning than Chern method. In this method, the iso-conversional principle is applied to Kamal model and the diffusion factor f ðT:Þ is obtained as equation (5) 
In equation (5), K is a constant that represents the effect of chemical reaction on the changes in diffusivity. E is the activation energy. A denotes the pre-exponential factor under conditions in which the diffusion phenomenon has no effect, and D 0 shows the pre-exponential factor under conditions in which the diffusion phenomenon is predominant. Eventually, E D shows the activation energy of diffusion. By combining the Kamal method and the diffusion factor obtained out of Sbirrazzuoli method, the reaction rate can be modified as equation (6) 16
Thermal cure cycle optimization
One of the important considerations in production of composite pieces is suggestion of a suitable curing cycle for their production. The proposed curing cycle should minimize the final curing time and at the same time preserve the quality of the composite parts. To produce a high-quality composite part, its final degree of conversion should be greater than a minimum acceptable degree of conversion (alpha min ), and the maximum temperature of the part during the cure process should not exceed a maximum value of temperature (T max ). However, the challenging point is that the cure cycle duration (t ultimate ), the final degree of conversion (alpha ultimate ), and the maximum temperature during cure (T max ) are always competing with each other, and thus we are dealing with an optimization problem. In order to be able to present an optimal curing cycle for composite parts, in the first step their cure kinetics should be modelled. Modelling of UP resin-containing nanoparticle can be performed either by model-free methods or model-fitting methods, which were investigated in the 'Background' section. Regardless of the method used for modelling the cure kinetics, the final output of every kinetic model is an equation which determines the reaction rate as a function of temperature (T) and degree of conversion (). Equation (7) represents the overall form of this function
If we assume that the composite part that is under cure in an autoclave is thin enough, the distribution of temperature across different points of this part can be assumed to be uniform and equal to the temperature of the autoclave. Suppose that the thermal profile of the autoclave is a function of temperature as described in equation (8) T ¼ f 2 ðtÞ ð 8Þ
Then, by solving equations (7) and (8) concurrently, the degree of conversion of the part can be obtained as a function of time (equation (9))
The maximum temperature of the part (T ultimate ) and the duration of the curing cycle (t ultimate ) can be obtained according to equations (8) and (9) . Furthermore, the final degree of conversion of the product (alpha ultimate ) can be extracted out of equation (9) . By having these three parameters and using a suitable criterion, merit of a cure cycle can be determined quantitatively. Equation (10) describes this criterion that is called an objective function (OF)
In the problem of optimizing the cure cycle, our objective is to find a thermal profile that has the greatest merit according to our OF (the minimum possible value for OF). A natural solution for solving the cure cycle optimization problem is to determine a set of cure cycles which are considered as candidate solutions. Then an OF index is calculated for each of these candidate solutions and finally a solution with the best OF is determined as an optimal cure cycle. Pseudo-code 1 summarizes the proposed method for finding the best cure cycle. In order to realize pseudo-code 1, two points should be taken into account. The first point is to use a suitable method for producing the set of candidate cure cycles (Set c ). The second point is developing a suitable method for calculating the OF related to a candidate cure cycle. For generation of Set c , various methods can be used. Random search method and grid search method are two common methods for generating the set of candidate solutions. [17] [18] [19] [20] In this research, for generating Set c , we propose DGS method. In this method, instead of producing pure random candidate solutions (similar to what is performed in random search) or producing a comprehensive set of candidate solutions (similar to what is done in grid search method), only those solutions that fulfil the limitations of the problem are added to Set c . In this way, no redundant calculations and simulations are performed on inappropriate solutions and the simulation process is accelerated. In this method, at the first step, it is required to formulate limitations of the problem. At the next step, the candidate solutions are produced considering these limitations. We propose a template cure cycle illustrated in Figure 1 as a general pattern for the candidate solutions to comply with our optimization problem limitations.
As mentioned previously, another important point in optimization of cure cycle is to propose a suitable OF to evaluate the candidate solutions according to three parameters contributing to the merit of a cure cycle. These there parameters are the maximum temperature of the part during the cure cycle (T ultimate ), duration of the curing cycle (t ultimate ), and the final degree of conversion of the product (alpha ultimate ). We propose equation (10) as an OF that takes into account the mentioned contributing parameters.
The optimization method proposed in this section has been implemented in MATLAB for different kinetic models. The results obtained from this method are presented in the next section.
Results and discussion
The first kinetic model we used was advanced isoconversional method. In this model, it is required to calculate A , E , and g() parameters at first. Calculation of these parameters has been done for neat UP and UP/10 A systems in Danaei et al. 13 According to the methods propounded in Danaei et al., 13 A , E , and g() parameters have also been calculated for UP/30B system. E and g() were fitted using suitable polynomial equations (Figure 2(a) and (b) ). Table 1 presents the polynomial fitting functions along with their parameters.
After fitting A , E , and g(), the equation describing reaction rate can be obtained using advanced isoconversional method. Figure 3 demonstrates the degree of congruence between the experimental data and the values predicted by advanced iso-conversional method for reaction rate. As shown in Figure 3 , advanced isoconversional method well predicts the behaviour of UP/ 30B system.
As was mentioned previously, in optimization of cure cycle, some limitations should be taken into account. One of these limitations is the flashpoint of styrene (which is around 32 C). Warming up styrene above the flashpoint before the system reaching gel point has some risks. Under these conditions, large amounts of styrene vapour are produced, jeopardizing the health of the user, not to mention that these vapours may be ignited. Another limitation that should be taken into consideration in optimization of cure cycle is the post-cure temperature of the UP resin. Research has shown that exposing UP resin to 120 C for 2 h brings about absolutely no thermal degradation in the sample. 21 On the other hand, once the sample is exposed to this temperature, no significant difference is developed in the concentration of styrene across different points of the sample. These limitations have been taken into account in implementation of the proposed cure cycle optimization method presented in the previous section.
As was observed in the previous section, using the OF proposed in equation (10) , the degree of merit of each cure cycle can be calculated quantitatively. Since in this study the quality of the produced parts has a greater significance for us compared to the curing duration, thus the weight coefficient of temperature (w T ) and also the weight coefficient of degree of conversion (w alpha ) are adjusted to be greater than the weight coefficient of cure cycle duration (w t ). Figure 3 . Degree of congruence between the experimental data and the values predicted by advanced iso-conversional method for reaction rate. Figure 4 illustrates optimized cure cycles for the three systems including neat UP, UP/10 A, and UP/ 30B, which has been obtained using the DGS optimization method based on advanced iso-conversional method, considering the limitations related to the flashpoint of styrene (32 C) and post-cure temperature of the sample (120 C). Expectedly, by adding nanoclay to the neat UP, the reaction rate increases and the proposed optimized cure cycle is shortened. As can be observed in Figure 4 , adding nanoparticle 10A makes the first isotherm region shorter. In addition, the optimized cure cycle for the system containing nanoclay is a four-stage cycle in which the second isotherm region has been removed. Indeed, adding nanoclay results in both a shortened cure cycle and reduced maximum temperature of the sample.
Since the activation energy of UP/10 A system is lower than that of UP/30B, 11 at the first glance it is expected that the cure cycle for UP/10 A be shorter than the cure cycle for UP/30B. However, this expectation is not confirmed in Figure 4 . Indeed, the optimized cure cycle proposed for these two systems is very similar to each other and has no significant difference. A more accurate glance at equation (1) indicates that in addition to the activation energy, another parameter that influences the reaction rate and thus the cure cycle duration is the number of collisions between the reactionary components. Due to the difference between the ligands developed in these two systems, activation energy in UP/10 A is far lower than that in UP/30B system at an equal degree of conversion. 11 However, the number of collisions in the UP/10 A system is lower than the number of collisions in UP/30B system, which is due to greater absorption of styrene by nanoclay 10 A, in comparison with nanoclay 30B. 11 The surfactant between the sheets of nanoclay 10 A has a low polarity. 11 The UP resin contains styrene molecules and alkyd chains. Alkyd chains enjoy a greater polarity than styrene molecules owing to possessing OH and COOH groups. On the other hand, styrene molecules are smaller than alkyd chains and thus these molecules penetrate between nanoclay platelets more simply than alkyd chains. Therefore, the concentration of styrene between the nanoclay 10 A platelets is greater than styrene concentration out of these platelets. 11 Reduction in the concentration of styrene out of nanoclay 10 A platelets even evidently influences the viscosity of UP/10 A. Reduction in the styrene concentration out of nanoclay 10 A platelets causes the number of collisions between the reactionary components (styrene and alkyd chains) in UP/10 A system to diminish significantly, 11 eventually causing reduction in the reaction rate in this system. Therefore, although the activation energy in UP/10 A is lower than that in UP/30B system, as the number of collision between the reactionary components in UP/10 A system is lower, the cure rate in these two systems is almost the same and thus a similar optimized cure cycle is obtained for them.
The diagram in Figure 5 demonstrates the reaction rate in UP/30B system which has been predicted by Kamal model without taking diffusion factor into account. The parameters of equation (2) which have been obtained based on a fitting method are reported in Table 2 . The values calculated for E 1 and E 2 parameters in Kamal equation are in line with the results reported by Poorabdollah et al. 12 As can be observed in Figure 5 , Kamal model predicts the reaction rate as larger than the real value for > 0.71. This is due to diffusion phenomenon which has not been taken into consideration in Kamal model. In the late moments of the reaction, diffusion phenomenon becomes predominant in the system and the reaction rate diminishes significantly. 9 Not considering this point in Kamal model leads to development of discrepancy between experimental data and the results obtained from Kamal model for the reaction rate. Figure 6 demonstrates the optimized cure cycle obtained out of DGS method based on Kamal model for the three systems including neat UP, UP/10 A, and UP/30B.
As can be observed in this figure, similar to the optimized cure cycle obtained from advanced isoconversional method, adding nanoclay to the system makes cure cycle duration to become shorter and the maximum temperature of the sample to reduce in the optimized cure cycle obtained from DGS method based on Kamal model. This is due to the co-catalytic effect of nanoclay. 10, 11 In addition, in this figure it is seen that the cure cycle obtained from DGS method and Kamal model (Kamal-DGS) for UP/10 A system is very similar to that obtained for UP/30B system, confirming the accuracy and efficiency of DGS method. Another point that should be taken into account is that the optimized cure cycles in Figure 6 are all four stage and the second isotherm stage has been removed. As stated previously, Kamal model does not consider the diffusion phenomenon and thus it predicts the reaction rate at the final stages of the reaction to be greater than its real value. Due to the high values of reaction rate at the final stages of the reaction in Kamal model, before the reaction temperature reaches 120 C, the degree of conversion reaches ultimate . Therefore, the resulting cure cycle is shorter than the cure cycle obtained from advanced iso-conversional method and of which the second isotherm stage has been removed. Figure 5 demonstrates fitting of Kamal model by considering Chern diffusion factor (Kamal-Chern model) for UP/30B system. The parameters associated with the Chern diffusion factor for neat UP and UP/ 10 A are provided in Danaei et al. 13 Table 3 presents these parameters for UP/30B system. Figure 5 indicates that Kamal-Chern model, far better than Kamal model, has been able to predict the reaction rate at the final stages of reaction. As shown in Figure 5 , the results obtained from Kamal-Chern model are in congruence with experimental results with a high accuracy. Figure 7 shows the optimized cure cycles obtained from DGS method and KamalChern model (Kamal-Chern-DGS) for the three systems of neat UP, UP/10 A, and UP/30B.
As can be observed in this figure, the optimized cure cycle obtained from Kamal-Chern model is longer than the optimized cure cycle obtained from Kamal model. This is due to the greater reaction rate predicted by Kamal model in comparison with Kamal-Chern model at the end of the reaction.
As can be seen in Figures 4 and 7 , the optimized cure cycles obtained from Kamal-Chern method, similar to the optimized cure cycles obtained from advanced isoconversional method, have five stages and include a second isotherm region. Comparison of Figures 4 and  7 indicates that the cure cycle duration in KamalChern model is a little longer than that in advanced iso-conversional method. Comparison of Figures 6 and 7 shows that the duration of the first isotherm region in Kamal model and Kamal-Chern model is the same. This confirms the fact that the Chern factor acts in regions with large degrees of conversion and has no effect in the first isotherm region which corresponds to small degrees of conversion. Table 4 presents these parameters for UP/30B system.
As can be observed in Figure 8 , duration of the optimized cure cycle obtained from KamalSbirrazzuoli model is slightly lower than that obtained from Kamal-Chern model. This is due to the manner that these two models predict reaction rate. The reaction rates predicted by these two models are compared in Figure 5 . As can be observed in this figure, the reaction rate predicted by Kamal-Sbirrazzuoli model is slightly greater than the reaction rate predicted by Kamal-Chern model at the final stages of the reaction. This causes shortening of the optimized cure cycle obtained from Kamal-Sbirrazzuoli model in comparison with Kamal-Chern model.
It is worth mentioning that the greater temperature in the second isotherm region in the cure cycle causes more styrene to be evaporated off the surface of the part. This results in development of discrepancy in the concentration of styrene across different depths of the sample. This difference in styrene concentration leads to further heterogeneity in the sample and causes the cooperative rearrangement region distribution to become wider in this part. Therefore, it is better for the temperature in the second isotherm region to be lower than 120 C. Figure 9 indicates the optimized cure cycles obtained from Kamal-Chern model for the three systems of neat UP, UP/10 A, and UP/30B assuming a thermal limitation of 110 C for the second isotherm region.
Comparison of Figures 7 and 9 shows that as the temperature in the second isotherm region reduces, the cure cycle duration increases. Reduction of temperature results in decrease in the number of collisions between the reactionary components and eventually prolongs cure cycle duration. This elevation of the cure cycle duration is about 252 s for the neat UP system, which is considerable. As can be seen in Figure 9 , in these three systems (neat UP, UP/10 A, and UP/30B), the longest cure cycle duration belongs to neat UP system. This is due to the lower reaction rate in neat UP system compared with the two other systems.
11
The effect of diffusion phenomenon on cure cycle duration becomes more evident at lower curing temperatures. Table 5 Another notable point is that in previous studies, 8, 21 UP samples were first exposed to environmental temperature for 24 h and then kept at 120 C for 2 h. As reported by Table 5 , the optimized cure cycle duration obtained from Kamal-Chern model assuming T limit ¼ 25 C is 100,383 s or 27.9 h, which is close to the 24 h reported in the literature. 8, 21 In order to investigate validity of the kinetic models studied in this paper, a DSC experiment was performed. In this experiment, a UP10A sample was subjected to a four-stage cure cycle illustrated in Figure 10 .
Heating and cooling rates in this temperature profile were 5 C/min. The kinetic predictions of the degree of conversion made by the investigated models and the results obtained from the DSC experiment are shown in Figure 10 . This figure clearly reveals that KamalChern model and advanced iso-conversional methods show quite good congruence with the experimental results but the advanced iso-conversional method better matches the experiments.
Conclusion
In this research, a method called DGS has been presented for optimization of cure cycles. Relying on a suitable cure kinetic model, DGS is able to suggest an optimized cure cycle for an under-cure system. Optimization of a cure cycle means shortening the cure cycle time as much as possible, while maintaining the quality of the product. By employing DGS method and using two main kinetic models including advanced iso-conversional method and Kamal method, optimized cure cycles for UP resin and UP resin-containing nanoparticles were generated.
Kamal model predicts the reaction rate in the final stages of the reaction larger than the real value. 9, 16 This is due to neglecting diffusion phenomenon in Kamal model. Indeed, owing to formation of network, collisions between the reactionary components diminished significantly at the late stages of the reaction. This in turn causes the time required for progression of the reaction and achieving the final degree of conversion of interest to become very slow at the end of the reaction. Not accurately predicting the reaction rate at the final stages in Kamal model causes the optimized cure cycle predicted based on this model to be shorter than the real optimized cure cycle. To correct this problem in Kamal model, it is possible to use Chern diffusion factor (Kamal-Chern model) or Sbirrazzuoli diffusion factor (Sbirrazzuoli-Kamal model).
Comparison of the optimized cure cycles obtained from DGS method and each of the four kinetic models including advanced iso-conversional method, Kamal model, Kamal-Chern model, and KamalSbirrazzuoli model for the UP system and the UP system containing 3 wt% Cloisite Õ 10 A (UP/10 A) and Cloisite Õ 30B (UP/30B) nanoparticles indicates that adding nanoparticles to these systems leads to shortening of cure cycle and diminishing of maximum temperature during the curing process. It also causes the optimized cure cycle to become a four-stage cycle. In addition, our results show that the optimized cure cycles obtained for UP/10 A and UP/30B systems are similar and have no significant difference. Although due to the lower activation energy in UP/10 A system compared with the UP/30B system, 11 it is expected that this system would have a shorter cure cycle in comparison with UP/30B system, the reduction in the number of collisions in the system containing nanoparticles 10 A causes these two systems to have a similar cure cycle.
Comparison of the optimized cure cycles obtained from Kamal model and Kamal-Chern model indicates that the durations of these two cure cycles are similar in the first isotherm region. This suggests that the Chern factor modifier acts in regions with a high degree of conversion and has no effect in the first isotherm region which has a low degree of conversion. 9 In addition, comparison of the optimized cure cycles obtained from Kamal-Chern model and advanced iso-conversional method shows the similarity of these cycles confirming the satisfactory performance of the mentioned models across the entire stages of the reaction.
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